Mutant mouse models of neurodevelopmental disorders with intellectual disabilities provide useful translational research tools, especially in cases where robust cognitive deficits are reproducibly detected. However, motor, sensory and/or health issues consequent to the mutation may introduce artifacts that preclude testing in some standard cognitive assays. Touchscreen learning and memory tasks in small operant chambers have the potential to circumvent these confounds. Here we use touchscreen visual discrimination learning to evaluate performance in the maternally derived Ube3a mouse model of Angelman syndrome, the Ts65Dn trisomy mouse model of Down syndrome, and the Mecp2
| INTRODUCTION
Expanding knowledge about genetic mutations that cause neurodevelopmental disorders has prompted the generation of mouse models with the syntenic mutation, for use in understanding biological mechanisms, and as translational tools to develop therapeutics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] For neurodevelopmental disorders in which the primary symptom is intellectual impairment, the corresponding mouse model will ideally display robust and highly reproducible cognitive deficits. Many excellent learning and memory tasks in current use (eg, Refs [18] [19] [20] [21] [22] [23] ) can be applied to evaluate cognitive abilities in mouse models of neurodevelopmental disorders with intellectual disabilities. One issue is that most of these tasks require motor skills and/or sensory abilities that may be impaired in the mutant mouse model. As examples, effective swimming and vision are necessary for Morris water maze procedures; normal pain perception and hearing are necessary for contextual and cued fear conditioning, and spontaneous exploratory locomotion is necessary for novel object recognition. Expanding the armamentarium of cognitive assays, particularly through approaches that avoid potential physical and procedural artifacts, could be helpful in evaluating cognitive deficits across a range of mouse models of intellectual disabilities. Here, we focus on operant touchscreen learning and memory approaches that could circumvent many procedural confounds. The small operant chambers require minimum locomotion, the sensitive touchscreen requires minimal motor skills, enhanced visual images can be used for low-vision mice who are not completely blind, software programs can define the training schedules to vary the levels of cognitive challenge, and available tasks can interrogate specific brain regions and neuroanatomical circuitry. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] We tested 3 mouse models of neurodevelopmental disorders with intellectual disabilities on a touchscreen visual discrimination task, in concert with other learning and memory tasks, along with measures of rotarod motor coordination and balance and open field exploratory locomotion.
(1) Angelman syndrome is caused by a maternally inherited deletion at chromosome 15q11-q13, in which the key mutation is in the UBE3A gene, [36] [37] [38] which codes for an E3 ubiquitin ligase. Ube3a heterozygous mice in which the mutation is similarly transmitted by the dam, originally generated by Jiang, Beaudet and co-workers, 39 display behavioral abnormalities including deficits in rotarod motor coordination and balance, balance beam walking, grip strength, reduced exploratory range, contextual fear conditioning and water maze hidden platform acquisition. 1, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] (2) Down syndrome is caused by a triplication of chromosome 21 , incorporating a third copy of approximately 300 genes. 15, [49] [50] [51] [52] [53] Ts65Dn mice with partial trisomy of the syntenic genes on mouse chromosome 16, originally generated by Reeves 
| Behavioral assays
Open field exploratory activity was tested using an automated Versa- 
| Touchscreen pretraining
To begin the training procedure, mice first received 1 day of habituation to the touchscreen chamber and autotraining to the food reward.
During habituation, the food magazine was initially filled with rein- touches were recorded and used to calculate percent correct performance using the following formula: correct touches Ä (correct touches + incorrect/blank touches). Training continued until a performance criterion of ≥80% was reached for 2 days. After reaching the pretraining criterion, the subject mouse was moved to pairwise discrimination training.
| Touchscreen pairwise discrimination training
Contingency for reward changed during this phase from an FR-1 to a pairwise discrimination rule. Briefly, a touch to the rewarded image (S +) was reinforced while a touch to the unrewarded image (S-) was punished with a 20-s timeout. Incorrect trials led to correction trials, where the trial was repeated until the S+ was successfully chosen.
Training continued until a performance criterion of ≥80% was reached for 2 days, with the correction trials counted toward % correct performance.
| Statistical analysis
Data were analyzed with GraphPad Prism version 6.07. Open field parameters were compared between genotypes using 2-way repeated measures analysis of variance (ANOVA) for time bin analyses of each parameter, and unpaired 2-tailed Student's t-tests for the full 60 min session score analyses of each parameter. Rotarod data were analyzed with 2-factor ANOVA using genotype as a between subjects factor and trial as a within subjects factor. Water maze acquisition parameters were evaluated with a 2-way repeated measures ANOVA followed by Bonferroni post-hoc analyses in cases of significant ANOVA F values. Water maze probe trial data were evaluated with 1-way ANOVA within genotype, followed by post-hoc Dunnett's test comparing all other locations to the target location.
Touchscreen visual discrimination acquisition data were evaluated by
Mantel-Cox analysis for survival curves, and by unpaired Student's ttest for days to criterion and screen touches. showed a non-significant trend for Ube3a requiring more trials to reach criterion (t 17 = 1.78, P = .09). Thus, significantly more training days, and a strong trend toward more training trials, were required for Ube3a mice to reach criterion, consistent with an interpretation of cognitive impairment. Because of the discrepancy between significance when comparing days or active screen touches to criterion, and to address motor abnormalities in Ube3a mice, we analyzed response speed (latency to reach the correct or incorrect location and magazine latency) on the first 2 days and last 2 days of pairwise discrimination testing. Response speed was similar on correct latency, incorrect latency and magazine latency for both WT and Ube3a mice, indicating no gross or overt motor phenotypes that may have contributed to the observed learning impairments. These findings indicate that pairwise discrimination learning was impaired in Ube3a mice, while the procedural rule was learned similarly by WT and Ube3a, and no motor issues appeared to interfere with the conduct of the procedures (Figure 1 ).
| Normal open field exploratory locomotion in Ube3a mice
No significant genotype differences were detected on open field activity: Total distance traveled t 17 = .995, P = .33; Horizontal activity t 17 = .669, P = .51; Vertical activity (t 17 = .764, P = .46); Center distance (t 17 = .280, P = .78) (Figure 2 ).
| Impaired rotarod performance in Ube3a
Rotarod testing showed a significant motor impairment in maternally derived Ube3a heterozygotes. Analysis of training trials confirmed a significant learning effect across the 3 rotarod training trials (F 2,44 = 8.38, P < .001). Two-factor ANOVA showed a significant effect of genotype (F 1,22 = 16.9, P < .001). Bonferroni-corrected post-hoc tests showed a significantly shorter latency to fall in Ube3a mice on each training trial (P < .05). No genotype by trial interaction was detected (F 2,44 = .791, NS) (Figure 3 ).
| Impaired Morris water maze performance in Ube3a
Ube3a mice failed to reach criterion on acquisition of the hidden platform location in the water maze. A significant effect of genotype was detected on latency to find the hidden platform (F 1,24 = 25.8, P < .001). A significant effect of training day was detected (F 5,120 = 14.4, P < .05), with no genotype by day interaction (F 5,120 = 1.76, NS). Distance traveled showed no effect of genotype (F 1,24 = .00922, NS), a significant effect of training day (F 5,120 = 14.9, P < .001) and a trend for a genotype × day interaction (F 5,120 = 1.99, P = .085). Swim speed showed a significant genotype effect (F 1,24 = 58.3, P < .05), a significant training day effect (F 5,120 = 4.46, P < .05), and a significant genotype by day interaction (F 5,120 = 2.71, P < .05). Thus, Ube3a mice showed slower acquisition of the location of the hidden platform, along with slower swim speeds when compared with WT which showed increasing swim speeds across training trials. Probe trial analysis for WT showed a significant selective quadrant search in the previously trained target quadrant when compared with other quadrants of the pool (F 3,36 = 16.6, P < .0001), and more crossings over the previous platform location than corresponding locations in other quadrants of the pool (F 3,36 = 9.94, P < .001), confirming spatial learning using distal room cues. Probe trial analysis for
Ube3a showed a significant effect of searching in the previously trained target quadrant (F 3,36 = 3.51, P < .05), indicating some learning using distal spatial cues, however the Ube3a group did not display significantly more crossings over the previous platform location (F 3,36 = 2.24, NS), indicating some impairment in using distal spatial cues to solve the task (Figure 4 ). to reach criterion (t 28 = 2.70, P < .02). Trials per day analysis ( Figure 5F ) showed no significant difference in rates of responding between strains (t 28 = 1.43, NS) ( Figure 5 ).
| Touchscreen learning impairments in Ts65Dn mice

| Higher open field exploratory locomotion in Ts65Dn when compared with WT littermates
Ts65Dn mice displayed significantly higher exploratory activity than WT mice on parameters of total distance traveled (t 16 = 3.95, P < .01), horizontal activity (t 16 = 2.73, P < .05), vertical activity (t 16 = 2.15, P < .05) and center distance (t 16 = 2.72, P < .05) ( Figure 6 ).
| Impaired Morris water maze performance in Ts65Dn
Ts65Dn mice failed to reach criterion on acquisition of the hidden platform location in the Morris water maze. A significant effect of genotype was seen on latency to find the hidden platform (F 1,16 = 9.93, P < .05). A significant effect of training day was detected (F 9,144 = 18.5, P < .05), with a significant genotype by day interaction (F 1,16 = 5.04, P < .05). Significant differences in distance traveled were observed between genotypes (F 1,16 = 6.79, P < .05) and day (F 9,144 = 12.9, P < .05), and there was a significant genotype by day interaction (F 9,144 = 2.66, P < .05). Swim speed showed a significant genotype effect (F 1,16 = 4.47, P = .05), a significant day effect (F 9,144 = 6.44, P < .050) and a significant genotype by day interaction (F 9,144 = 4.36, P < .05), indicating somewhat slower swimming by Ts65Dn during the last 2 training days. Probe trial analysis showed that WT spent significantly more time in the previously trained quadrant (F 3,21 = 5.21, P < .05), and significantly more crossings over the previously trained platform location (F 3,21 = 7.57, P < .05). In The Ube3a mouse model of Angelman syndrome, in which the heterozygous mutation is maternally derived, displayed deficits on acquisition of a pairwise 2-choice visual discrimination operant touchscreen task. A, Pretraining survival curve. Number of days to reach criterion indicated no gross differences in the rate of procedural learning. B, Visual discrimination survival curve indicated that Ube3a mutant mice required more days of training to reach the criterion of ≥80% correct, in learning the discrimination between the X image and the equal sign = image on the touchscreen, when compared with wildtype littermates (WT). C, WT and Ube3a required similar numbers of days to reach criterion on the pretraining phase, indicating similar procedural abilities. D, Ube3a required more days to reach criterion than WT on the visual discrimination task, indicating a slower learning curve. E, During pretraining, the number of trials to reach criterion (active screen touches per day, representing trials completed), was similar between WT and Ube3a. F, During visual discrimination learning, the number of trials to reach criterion (active screen touches) showed a trend for slower acquisition in Ube3a than WT. G, Response latencies during the last 2 training days indicated that physical movements were similar between genotypes, since a similar amount of time elapsed between image onset and selection of image choice. H, Latencies to reach the reinforcement magazine during the last 2 training days indicated that motivation for food reward was similar between genotypes, and corroborated generally normal motor function. Results indicate that Ube3a mice can learn the procedural components of an operant discrimination task, but episodic learning of specific image pairs was acquired more slowly by Ube3a than by WT. N = 9 WT, 10 Ube3a, *P < .05 contrast, Ts65Dn did not display selective quadrant search (F 3,27 = 1.27, NS) nor significantly more crossings over the previously trained platform location (F 3,27 = .937, NS), indicating failure to use distal spatial cues to solve the task (Figure 7 ).
| Touchscreen training in Mecp2 mice
Motor declines in Mecp2 mice were observed on open field and rotarod motor assays, as described in 73 . Due to significant and progressive motor impairments, Morris water maze was not attempted on these animals. Pretraining with mild food restriction was attempted in male Mecp2 mice; however, morbidity and lethality Our replication of deficits on water maze hidden platform acquisition in both Ube3a and Ts65Dn mice reinforces evidence in the literature that spatial learning is impaired in genetic mouse models of . These significant motor disabilities precluded our testing this group of Mecp2 females on water maze learning, which requires a high level of swimming ability. Given the minimal motor demands within the small touchscreen chamber, we postulated that motor dysfunctions in Mecp2 mice may not introduce a major artifact in operant learning. In the present study, pretraining was attempted in male Mecp2 mice.
FIGURE 5
The Ts65Dn trisomy model of Down syndrome displayed performance impairments on acquisition of a touchscreen pairwise visual discrimination task. A, Pretraining survival curves were similar in WT and Ts65Dn, indicating no gross differences in procedural learning. B, Visual discrimination survival curves indicated a trend toward delayed acquisition of the image pairs by Ts65Dn mice. More Ts65Dn than WT required extra days of training to reach the criterion of ≥80% correct responses in learning the discrimination between the X and = touchscreen images. C, WT and Ts65Dn required similar number of days to reach criterion on the pretraining phase, indicated similar procedural abilities. D, Ts65Dn showed a strong trend for more days to reach criterion than WT on the visual discrimination task, indicating a slower learning curve. E, During pretraining, the number of trials to reach criterion (active screen touches) did not differ between WT and Ts65Dn. F, During visual discrimination learning, the number of trials to reach criterion (active screen touches) was significantly higher in Ts65Dn than WT. Results indicate that Ts65Dn mice can learn the operant discrimination task, but learn more slowly than WT. N = 17 WT, 13 Ts65Dn, *P < .05
None of the male heterozygous Mecp2 mice lived long enough to complete pretraining. Female Mecp2 heterozygotes were able to conduct the pretraining procedures to some extent. In many cases, however, the food reward was not retrieved or not completely consumed. 
